This study was designed to confirm the previously observed favorable survival rates and prognostic factors in young children with nonmetastatic medulloblastoma (MB) treated with postoperative chemotherapy alone. Patients who received a diagnosis during the period January 2001 through December 2005 and who were aged <4 years received 3 cycles of postoperative systemic multiagent chemotherapy and intraventricular methotrexate. In cases of complete remission, treatment was terminated after 2 additional cycles of chemotherapy. Otherwise, secondary surgery, radiotherapy, and consolidation chemotherapy were recommended. At a median follow-up of 4.5 years, the 5-year event-free survival (EFS) and overall survival (OS) rates (+ + + + + standard error) for 45 patients (median age, 2.5 years) were 57% + + + + + 8% and 80% + + + + + 6%, respectively. Nineteen patients with desmoplastic/nodular MB variants had better 5-year EFS and OS rates (90% + + + + + 7% and 100% + + + + + 0%, respectively) than did 23 patients with classic MB (30% + + + + + 11% and 68% + + + + + 10%, respectively; P < .001 for EFS; P 5 .008 for OS). Five-year EFS and OS rates for 3 children with anaplastic MB were 33% + + + + + 27%. Desmoplastic/nodular histology was an independent prognostic factor for EFS. Twenty-nine of 30 patients without postoperative residual tumor remained in continuous complete remission.
median follow-up of 4.5 years, the 5-year event-free survival (EFS) and overall survival (OS) rates (+ + + + + standard error) for 45 patients (median age, 2.5 years) were 57% + + + + + 8% and 80% + + + + + 6%, respectively. Nineteen patients with desmoplastic/nodular MB variants had better 5-year EFS and OS rates (90% + + + + + 7% and 100% + + + + + 0%, respectively) than did 23 patients with classic MB (30% + + + + + 11% and 68% + + + + + 10%, respectively; P < .001 for EFS; P 5 .008 for OS). Five-year EFS and OS rates for 3 children with anaplastic MB were 33% + + + + + 27%. Desmoplastic/nodular histology was an independent prognostic factor for EFS. Twenty-nine of 30 patients without postoperative residual tumor remained in continuous complete remission.
Our results confirm that histology of MB variants is a strong prognostic factor in this age group. Sustained tumor control can be achieved by this chemotherapy regimen in young children with desmoplastic/nodular MB variants. For children with non-desmoplastic/nonnodular MB variants, for which predominantly local relapses lead to less favorable survival rates, local radiotherapy has been introduced after chemotherapy since 2006.
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O ne-third of cases of medulloblastoma (MB), the most common malignant brain tumor of childhood, occur during the first 3 years of life, 1 and 50% of MB cases are diagnosed before the age of 5 years. 1 Although the prognosis of older children with MB has been improved by combined strategies using surgery, craniospinal radiotherapy (CSI), and chemotherapy, the survival rates for children aged ,3 years have been historically poor for decades and did not exceed 25% -45% until the past decade. 2, 3 The unfavorable prognosis might be partly explained by frequent occurrence of metastases and by the different biology of MB in young children. 2, 4, 5 Moreover, the immature brain is particularly susceptible to radiotherapy-induced neurocognitive deficits, 6 resulting in reluctance to use radiotherapy in young children with MB. 2,7 -9 Treatment strategies for young children with MB have been explored, with the goal of improving survival while decreasing neurologic sequelae. 2,7 -9 Most of the studies aimed to delay or avoid radiotherapy by different approaches using conventional systemic chemotherapy and radiotherapy 7,10 -13 or high-dose chemotherapy with autologous stem cell rescue, given either during primary treatment or at relapse. 9,14 -16 The pilot trial HIT-SKK'87 of the Society of Pediatric Oncology and Hematology in Germany, Austria, and Switzerland (GPOH) for children aged ,3 years confirmed that postoperative chemotherapy may successfully delay the start of radiotherapy. 17 With the aim of reducing the poor neuropsychologic outcome of children after chemotherapy and CSI, intraventricular methotrexate was introduced as a substitute for radiotherapy in the subsequent HIT-SKK'92 trial. 13 Treatment was completed without radiotherapy or additional chemotherapy after 6 months of intensive systemic chemotherapy (with cyclophosphamide, vincristine, methotrexate, carboplatin, and etoposide) and intraventricular methotrexate (36 single doses; 2mg/dose), if complete remission (CR) was achieved. In that study, favorable survival rates have been obtained, especially for young patients with desmoplastic/nodular MB (DMB) (5-year progression-free survival [PFS] rate (+ standard error) 85% + 8%; 5-year overall survival [OS] rate (+ standard error) 95% + 5%), 13 and compared with the HIT-SKK'87 trial, neurocognitive deficits were less pronounced. DMB and MB with extensive nodularity (MBEN), closely related to DMB but differing from DMB by expanded lobular architecture and reduced internodular reticulin-rich components, were confirmed to have a first peak incidence during early childhood in a meta-analysis involving 5 study groups, 18 accounting for 30% -50% of cases of early childhood MB in the different study groups analyzed. Both DMB and MBEN were defined as separate variants in the latest World Health Organization classification of brain tumors. 19 Here, we report the results of the trial HIT-SKK'2000BIS4 for patients who received diagnoses before 2006. The trial was designed to confirm or further improve the favorable survival rates obtained in the previous HIT-SKK'92 trial for children aged ,3 years 13 but for patients ,4 years of age, with use of a chemotherapy regimen that was extended by 2 additional cycles of systemic chemotherapy.
Patients and Methods

Eligibility
Criteria for inclusion were diagnosis of a primary intracranial tumor, centrally reviewed and histologically confirmed diagnosis of MB, no MB classified as secondary malignancy, age ,4 years at time of diagnosis, no medical contraindication to protocol therapy, and no history of previous radiotherapy or chemotherapy. Patients were to have no evidence of disseminated disease confirmed by centrally reviewed cerebrospinal fluid (CSF) cytology and craniospinal MRI at diagnosis. To be included in the study, patients must have survived the first day of postoperative chemotherapy. All institutions participating in the study had received approval from their institutional review boards, and informed consent was obtained from legal representatives of all patients.
Patients, Surgery, and Pathological Analysis
Forty-eight children with newly diagnosed nondisseminated MB, who were aged ,4 years at the time of initial tumor surgery, and who had received a diagnosis during the period January 2001 through December 2005 at 27 of 88 participating centers in Germany, Austria, and Switzerland were registered in the prospective multicenter study HIT-SKK'2000BIS4 (ClinicalTrials.gov/NCT00303810). The maximum possible safe surgical removal of the primary tumor was recommended. After histological confirmation of diagnosis, an intraventricular access device (Ommaya or Rickham reservoir) was implanted. Central pathologic review was performed for all patients with MB by an experienced neuropathologist (T.P.), and findings were classified according to the World Health Organization classification of brain tumors 19 as classic MB (CMB; n ¼ 25), DMB (n ¼ 14), MBEN (n ¼ 6), and anaplastic MB (AMB; n ¼ 3).
Treatment
After surgery, HIT-SKK chemotherapy was initiated within 2-4 weeks. Patients received 3 cycles of chemotherapy consisting of intravenous cyclophosphamide, 6 Gy to the posterior fossa, if patients were aged ≥18 months), and 4 cycles of consolidation chemotherapy with cisplatin, CCNU (lomustine), and vincristine were recommended.
Evaluation and Follow-Up
Staging included pre-and postoperative cranial MRI, spinal MRI, and evaluation of CSF to exclude CSF spread. Postoperative imaging was recommended to be performed within 48 (72) h after initial tumor resection. 20 Extent of surgical resection was measured on axial plane (≤1.5 cm 2 or .1.5 cm 2 ). Lumbar CSF sampling was recommended ≥14 days after surgery (before the start of chemotherapy). Central review of histological data has been performed for all patients with MB. Twenty-four of 45 patients analyzed in this study had complete central review of CSF and imaging. In 21 patients, who also lacked evidence of metastatic disease, the quality of diagnostic evaluations was insufficient or central review was incomplete for the following reasons: ventricular and no lumbar CSF specimens were examined (n ¼ 10), lumbar CSF examination revealed .50% cytolytic cells (n ¼ 1), central review of lumbar CSF specimens was performed 4 days after the start of systemic chemotherapy (n ¼ 1), central review of CSF specimens (n ¼ 6), preoperative and postoperative MRI scans (n ¼ 1), or CSF and MRI scans (n ¼ 3) were of poor quality or incomplete. Characteristics of 24 fully and 21 incompletely assessable patients (Table 1) were similar with regard to histological findings, sex, and age. Postoperative residual tumors were observed more frequently among incompletely assessable children than among fully assessable patients.
After each cycle of chemotherapy, cranial, and spinal MRI scans were performed. CR was defined as the total disappearance of visible residual tumor. 20 A continuous CR (CCR) was defined as an absence of any evaluable disease, after complete tumor resection, during the entire observation time. Partial response (PR) was defined as a ≥50% decrease in the tumor volume, improvement (IMP) was defined as a 25% -50% decrease in tumor volume, stable disease (SD) was defined as a ,25% decrease or increase, and progressive disease (PD) was defined as a ≥25% increase, as assessed by MRI. 20 Before any treatment element was administered, complete blood count, electrolyte level, creatinine level, and liver function parameters were assessed. Serum levels of methotrexate were determined at regular intervals until levels were ,0.25 mmol/L. Imaging was to be repeated every 3-4 months in the first 2 years after treatment, every 6-9 months up to 5 years after treatment, and annually thereafter.
Statistical Analysis
Data were collected at the HIT 2000 study center at the Children's University Hospital of Hamburg-Eppendorf (the HIT 2000 study center was located until 2009 at the Children's University Hospital of Wuerzburg), data from patients from Austria were collected at the Children's University Hospital of Graz. Radiotherapy data were collected at the Department of Radiation Oncology, University of Leipzig. Survival was estimated by the Kaplan-Meier method, and a log-rank test was used for comparisons of survival in different groups. 21 OS was defined as date of diagnosis to death of any cause or to the date of last visit; EFS was defined as date of diagnosis to date of first progression, relapse, occurrence of secondary malignancy, death of any cause, or last contact; radiotherapy-free survival and CSI-free survival were defined as date of diagnosis to start of any radiotherapy (radiotherapy-free survival) or to start of CSI (CSI-free survival), respectively, or to date of death of any cause, both of which were considered to be treatment failures. To analyze the impact of response after 3 cycles of chemotherapy, OS was defined as the time from evaluation of response to date of death or to the date of the last visit. For multivariable analysis, Cox regression models with forward-and backward-stepwise selection (the inclusion criterion was a P value of the score-test ≤.05; the exclusion criterion was P value of the likelihood-ratio test ≥. 10 ) were used to analyze the impact of histology (CMB vs DMB or MBEN vs AMB) and residual disease (.1.5 cm 2 vs ≤1.5 cm 2 ) on EFS; OS was not assessable because of the low number of deaths reported. 22 For the purpose of statistical analysis, DMB and MBEN were considered to be one entity (DMB/MBEN) as appropriate. Because of the expected registration rate per year (,10 patients/year), the study HIT-SKK'2000BIS4 was designed as a prospective multicenter observational study to be compared with the previous study HIT-SKK'92 as historical control. No primary end point was defined. A log-rank test was performed to compare survival rates of eligible (intent-to-treat) nonmetastatic patients treated in the HIT-SKK'92 with children aged ,3 years treated in the HIT-SKK'2000BIS4 trial. All P values are considered to be explorative, no significance level was fixed. Analysis was performed with SPSS software, version 17.0 (SPSS).
Results
Between Table 1 .
Tumor Location, Response to Chemotherapy, and Progressive Disease During Therapy
Tumor localization was midline in 38 children (84%) and involved cerebellar hemispheres in 7 children (16%) (Fig. 1) . The tumor resection was complete (R0) in 30 patients and incomplete (R+) in 15 patients. Response evaluation after 3 cycles of HIT-SKK chemotherapy demonstrated CCR in 29 (97%) of 30 patients and objective response in 13 (87%) of 15 children, respectively (Fig. 1) . One of 30 patients (AMB) had a local relapse (Fig. 1) . Two children received ,3 cycles of HIT-SKK chemotherapy without relapse during that period (Fig. 2) . Forty-one patients received ≥3 cycles of HIT-SKK chemotherapy and had no relapse during this induction treatment. Thirty-seven children with CR after 3 cycles of chemotherapy received the additional chemotherapy cycles as recommended. Protocol noncompliance was observed in 5 patients (Fig. 2) . The 5-year OS among 38 patients without measurable disease after 3 cycles of HIT-SKK chemotherapy (CCR and CR) was higher than that of 7 patients (4 of whom had CMB, 2 of whom had DMB, and 1 of whom had AMB) who achieved less than a CR after these 3 cycles (5-year overall survival rate + standard error, 84% + 6% versus 57% + 19%; P ¼ .052).
Pattern of Relapse
At the time of analysis, data on relapse or tumor progression were reported for 18 patients at a median time of 1.3 years after primary surgery (range, 0.20 -4.49 years; only 1 child with CMB experienced relapse [at a distant site] .2 years after primary surgery) (Fig. 1 ). Time to relapse was similar for patients with postoperative residual disease (7 of 15 patients; median, 1. NEURO-ONCOLOGY † J U N E 2 0 1 1 (67%) of the 18 treatment failures (10 in patients with CMB, and 1 each in patients with DMB and AMB) observed were isolated local relapses (Fig. 1) . Treatment failures of fully assessable patients with MB (n ¼ 24) were also predominantly local (6 local and 2 distant failures; median time after primary surgery, 1.32 years; range, 0.20 -1.72 years).
EFS, OS, and Salvage Therapy
The estimated 5-year EFS and OS (+ standard error) for the 45 patients were 57% + 8% and 80% + 6%, respectively ( Fig. 3A and 3B ). There was no difference between patients with complete and incomplete central reference assessments (5-year EFS, 66% + 10% vs 46% + 13% [P ¼ .382]; 5-year OS, 83% + 8% vs
Rates of radiotherapy-free and CSI-free survival at 5 years were 59% + 7% (Fig. 3C) . Only 1 patient underwent local irradiation (it was an individual decision for a patient with residual disease) (Fig. 1) ; the patient had relapse at distant site and died 2 years after diagnosis. Two patients with residual disease after 3 cycles of HIT-SKK chemotherapy and 9 patients who experienced relapse were treated with CSI ( Fig. 1) . Nineteen patients (13 of whom had DMB and 6 of whom had MBEN) had better EFS and OS rates (5-year rates, 95% + 5% and 100% + 0%, respectively) than 23 patients with CMB (5-year rates, 30% + 11% [P , .001] and 68 + 10% [P ¼ .008], respectively) ( Fig. 4A and 4B ). EFS and OS rates for 3 patients with AMB were 33% + 27% (5-year rates). One of 14 patients with DMB without postoperative residual disease experienced a local relapse 1.7 years after diagnosis; he is presently alive and has been in his second CR for .2 years after salvage treatment (secondary surgery, systemic chemotherapy, and CSI), with a duration of follow-up of 4.1 years (Fig. 2) . All 6 patients with MBEN are still event-free. Two children with AMB experienced a relapse and died after salvage therapy (systemic chemotherapy, 1 patient; CSI, 1 patient). After relapse, additional therapy was reported for 14 of 15 patients with CMB who underwent (n ¼ 6) or did not undergo (n ¼ 8) secondary surgery (Fig. 2) . Eight children with CMB experienced relapse and are still alive after receiving additional treatment (CSI and systemic chemotherapy, 2 patients; CSI and secondary surgery, 1; CSI, systemic chemotherapy, and secondary surgery, 3; systemic chemotherapy and high-dose chemotherapy, 1; and CSI, systemic chemotherapy, and high-dose chemotherapy, 1). Seven children with CMB experienced a relapse and died. Six received further treatment (systemic chemotherapy, 2 patients; local radiotherapy and systemic chemotherapy, 1; CSI and systemic chemotherapy, 1; secondary surgery and systemic chemotherapy, 1; and secondary surgery, systemic chemotherapy, and high-dose chemotherapy, 1). After relapse, no additional therapy was reported for 1 patient. The EFS and OS rates for patients with (n ¼ 15) and without (n ¼ 30) any postoperative residual disease were not different (5-year EFS rate, 53% + 13% vs 59% + 10% [P ¼ .531]; 5-year OS rate, 80% + 10% vs 80% + 8% [P ¼ .957]). Patients without or with residual disease ≤1.5 cm 2 (n ¼ 39) had better OS rates (5-year OS rate, 84% + 6% vs 50% + 20%; P ¼ .044) and a trend toward a better EFS rate (5-year EFS rate, 60% + 9% vs 33% + 19%; P ¼ .110) (Fig. 5 ) than patients with residual disease .1.5 cm 2 (n ¼ 6; all patients with CMB). When comparing children aged ,2.5 years (median age) at diagnosis with those aged 2.5 -4 years, we did not notice different OS rates (5-year rate, 83% + 8% vs 77% + 9%; P ¼ .609) or EFS rates (5-year rate, 70% + 10% vs 43% + 13%; P ¼ .190). Of note, frequency of histological subtypes differed in children aged ,2.5 years (CMB, 10 patients; DMB, 9; MBEN, 4; and AMB, 0), compared with children aged ≥2.5 years (CMB, 13 patients; DMB, 4; MBEN, 2; and AMB, 3). When comparing patients aged ,3 years (the age limit of the previous HIT-SKK'92 trial) with those aged 3 -4 years, we found similar rates for OS (5-year rate, 82% + 6% vs 71% + 14%; P ¼ .420) and EFS (5-year rate, 56% + 9% vs 62% + 15%; P ¼ .981) and different frequencies of histological subtypes (for patients aged ,3 years, CMB, 17; DMB, 10; MBEN, 6; and AMB, 1; for patients aged ≥3 years, CMB, 6; DMB, 3; MBEN, 0; and AMB, 2).
There was no difference between patients aged ,3 years treated in the HIT-SKK'2000BIS4 trial (n ¼ 34) and patients without metastases treated in the previous HIT-SKK'92 trial (n ¼ 24; 5-year EFS rate, 56% + 9% vs 71% + 9% [P ¼ .323]; 5-year OS rate, 82% + 7% vs 83% + 8% [P ¼ .853]). There were no differences between survival rates for the groups of histological subtypes from both trials ( Table 2) .
In a multivariable Cox regression analysis that tested the variables histology and residual disease (. lower risk of experiencing an event than did patients with CMB (hazard ratio, 0.05; 95% confidence interval, 0.01 -0.39; P , .001); patients with AMB and patients with CMB had a similar risk of having an event.
Treatment Toxicity and Feasibility of Intraventricular Methotrexate Administration Table 3 shows the cumulative rate of toxicities over the entire courses of the HIT-SKK chemotherapy (data were assessable for 43 of 45 patients for HIT-SKK cycles 1 -3 and 36 of 40 patients for HIT-SKK cycles 4-5). Four patients received ,3 cycles (Fig. 2) . Myelotoxicity was frequent; 19 children required red blood cell transfusions during the first 3 cycles, and 17 patients received red blood cell transfusions during the 2 additional cycles. Similarly, 20 patients underwent platelet transfusions during the cycles 1-3, and 17 patients received platelet transfusions during cycles 4-5. No renal or audiological grade 3 or grade 4 toxicities were reported. No treatment-related deaths or lethal infections occurred.
In the majority of children, the administration of intraventricular methotrexate was feasible, without unexpected potentially methotrexate associated toxicities (Table 4) . Reasons for methotrexate dose modifications are listed in Table 5 . One child did not receive any intraventricular methotrexate. Revision of reservoir was performed in 8 children (because of CSF infection with Staphylococcus aureus in 1 patient and reservoir malfunction in 7 patients). Elevated methotrexate levels were measured in 7 (1. cycle), in 5 (2. cycle), and in 2 patients (3. cycle), and no temporally related toxicities (eg, seizures) were reported in these asymptomatic cases.
Discussion
This multi-institutional prospective study was designed to confirm or further improve the favorable survival rates previously obtained 13 by the same 6-month intravenous, multiple-agent chemotherapy and intraventricular methotrexate regimen, prolonged by further systemic chemotherapy for children in CR.
The estimated survival rates among the 45 patients with nondisseminated MB aged ,4 years (5-year EFS rate, 57% + 8%; 5-year OS rate, 80% + 6%) and the estimated survival rates of the 34 patients with nondisseminated MB aged ,3 years (5-year EFS rate, 56% + 9%; 5-year OS rate, 82% + 7%) compare favorably with results of other studies and are in the range for the 24 patients with nondisseminated MB from the previous HIT-SKK'92 trial of children aged ,3 years. 13 The frequencies of the histological subtypes (CMB and DMB) among children aged 3-4 years and their survival rates are not different from those observed in children aged ,3 years. All children with MBEN were aged ,3 years at diagnosis. It is not possible to prove an additional benefit of the newly introduced prolonged chemotherapy for children who were in CR after 3 cycles of chemotherapy. The 5-year CSI-free survival rate was 59% + 7% and was comparable with the 5-year CSI-free survival rate for 64 young patients with nonmetastatic MB treated with postoperative chemotherapy alone (57% + 12%) as reported in the previous SFOP study, which included high-dose chemotherapy as part of salvage treatment. 16 It has been shown that DMB/MBEN account for .40% of cases of early childhood MB. 13, 17, 18, 23, 24 MBEN is associated with a favorable outcome. 18, 23, 24 Moreover, the previous HIT-SKK'92 trial demonstrated . In addition, desmoplastic/nodular histology was an independent prognostic factor for EFS in our series. Previous studies provided evidence that the ability to achieve a gross-total resection of the tumor may represent a positive prognostic indicator for survival. 2, 9, 10, 13, 16 In contrast, other large studies found that incomplete resection did not significantly affect survival. 17,25 -27 In our study, patients without a postoperative residual tumor .1.5 cm 2 (n ¼ 39) appeared to have better EFS and OS rates (5-year rates, 60% + 9% and 84% + 6%, respectively) than did patients with a postoperative residual tumor .1.5 cm 2 (n ¼ 6; 33% + 19% and 50% + 20%, respectively). In addition, 10 of 23 patients with CMB and 5 of 19 patients with DMB/MBEN had evidence of postoperative residual disease, suggesting that gross total resection appears to be more common and feasible for patients with DMB or MBEN, as was reported recently. 18 Biology may provide explanations for the better resectability and outcome of DMB and MBEN. At present, MB can be separated at least into 4 molecular subtypes, with differences in signaling pathway activation, age, histology, and clinical outcome. 28 -32 DMB is more common among young children and adults and is characterized by pathological activation of the sonic-hedgehog pathway. 28, 32 In the multivariable Cox regression analysis in our study, histology but not extent of resection was identified as an independent prognostic factor (P , .001).
The high frequency of CCR and objective response after 3 cycles of chemotherapy (97% in patients without and 87% in patients with postoperative residual tumor) compares favorably with response rates reported elsewhere. 10, 13, 16, 33, 34 After 3 cycles of chemotherapy, we observed 7 patients (4 of 23 with CMB, 2 of 13 with DMB, 0 of 6 with MBEN, and 1 of 3 with AMB) with less than CR, suggesting that non-DMB/non-MBEN respond less favorably to chemotherapy. Disease recurrence and progressive disease in young patients with MB have been reported to occur early (within 1 -2 years of therapy). Of note, compared with the current analysis, relapses did occur in a similar time frame (median, 1.3 years) as in the previous HIT-SKK'92 trial. 13 Taken together, most of the relapses occur during the first 2 years; late relapses (.2 years after initial diagnosis) are rare events (1 patient with CMB in the current analysis and 2 in the previous HIT-SKK'92 trial). 13 In summary, our results confirm that this postoperative chemotherapy alone appears to be a promising treatment for young patients with DMB or MBEN. In addition, DMB/MBEN histology has been shown to be a strong independent favorable prognostic factor. However, it seems unlikely that the 2 additional cycles of modified HIT-SKK chemotherapy can further improve outcome. Local radiotherapy was introduced since January 2006-after confirmation of poor survival rates and frequent local relapses of patients with non-DMB/non-MBEN-for all children aged .18 months with CMB, AMB, or large-cell MB.
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